We have examined integrin expression during the remodeling of the epidermis that takes place during wound healing, using a suction blister model in which the epidermis is detached from the dermis, leaving the basement membrane intact. By immunofluorescence microscopy, we found that the same integrin subunits were expressed during wound healing as in normal epidermis with very little change in the relative intensity or distribution of staining at the leading edge of the migrating epidermis. However, at the time of wound closure, when the epidermis is still hyperproliferative, alpha 2, alpha 3, alpha 6, and beta 1 were no longer confined to the basal layer, as in normal epidermis, but were also found in all the living suprabasal cell layers, coexpressed with the terminal differentiation markers involucrin, keratin 10, and keratin 16. Strong suprabasal staining for alpha v was also found in one specimen. beta 4, which normally forms a heterodimer with alpha 6, and alpha 5 remained predominantly basal. Three of the integrin ligands, fibronectin, type IV collagen, and laminin, remained largely confined to the basement membrane zone and dermis. By 14 d after wounding, the integrins were once more restricted to the basal layer. Suprabasal integrin expression was also observed in involved psoriatic lesions. Thus, in two situations in which the epidermis is hyperproliferative, there is a failure […] 
Introduction
The integrins are a family ofcell surface receptors that mediate cell-cell and cell-extracellular matrix adhesion (1) (2) (3) . Integrins are heterodimers of one a and one A subunit, each ofwhich is a transmembrane glycoprotein. In human epidermis and stratified keratinocyte cultures, integrin expression is largely confined to the basal layer: keratinocytes express aoilI, 0231, a3#1, a5/31, a634, and avi35 (4) (5) (6) (7) (8) (9) (10) . a,#, is only weakly detected in epidermis and is not seen consistently in culture; the keratinocyte a,#,1 ligand is unknown (7, 8) . In cultured keratinocytes, a2/31 and a3f31 have variously been reported to mediate adhesion to collagen and laminin; a513, is a fibronectin receptor and a,45 is a vitronectin receptor (8, 9, 11, 12) . Although the ligand for a6f34 remains to be identified, this integrin is a component of hemidesmosomes (13, 14) . Experiments with cultured keratinocytes suggest that integrins not only play a role in adhesion to the extracellular matrix (ECM), but also in cell-cell adhesion (1 1, 15) and in the initiation of terminal differentiation (16) . During epidermal development there are major changes in the abundance and distribution of individual integrin subunits, providing indirect evidence for a role in establishing the spatial organization of keratinocytes in the epidermis (7) .
In view ofthe evidence that integrins can regulate keratinocyte adhesion and terminal differentiation, we were interested to discover what happens to integrin expression when the epidermis is reformed after wounding. During wound healing, proliferation and lateral migration of keratinocytes are stimulated and the cells synthesize and respond to a range of inflammatory cytokines (I17-19). The wound model we chose is that of reepithelialization following suction blister formation (20) (21) (22) . Application ofvacuum to a small area ofskin causes a blister to form, in which the epidermis detaches from the dermis, but the basement membrane remains essentially intact. Keratinocytes migrate laterally to heal the wound both from the edges of the blister and also from hair follicles that remain attached to the base of the blister.
We describe the patterns ofexpression ofa range ofintegrin subunits at different times after blistering, and correlate our findings with the expression of three integrin ligands and three markers of keratinocyte terminal differentiation. We present evidence that the changes in integrin expression that are seen at the time of wound closure are also found in involved psoriatic lesions. Our results raise a number of intriguing questions about integrin function and the factors that regulate integrin expression in hyperproliferative epidermis.
Methods
Tissue. Sets of five suction blisters, [4] [5] (31) . A rabbit antiserum to human involucrin (DH 1) was also used (32) . Two monospecific antikeratin monoclonal antibodies, LL025 (specific for keratin 16; and LH10 (specific for keratin 10; (Leigh, I. M., P. E. Purkis, P. Whitehead, and E. B. Lane. Manuscript accepted for publication), were kindly provided by I. M. Leigh.
Staining. 6-am frozen sections were cut and stained as described previously (7) . Briefly, sections were fixed for 30 min in 4% formaldehyde in PBS containing 1 mM Mg2+ and Ca2+ (PBSABC) at room temperature and blocked in PBSABC containing 0. I% IgG-free bovine serum albumin and 0.02% Triton X-l00 ( Fig. 1 . The epidermis that remained attached to the dermis at the blister edges had the same distribution ofintegrins as in normal, undamaged epidermis ( Fig. 1 C) . Integrin-positive keratinocytes within the blister roof were not organized as a single basal layer ( Fig. 1 (Fig. 3 C) and , (not shown) was seen at the leading edge of the migrating epidermis. Within 1 mm from the leading edge, a3 and #I were confined to the basal layer. The staining patterns of all the other integrin subunits were unchanged at 3 d (see for example, examined. a6, in addition to a3 and iI, was expressed in suprabasal cells at the center of the wound (not shown). As before, the staining pattern distal to the wounds was normal and all the other integrin subunits, including #4, were confined to the basal layer at the site of the wound. 6-7 d. 6-7 d after blistering, all ofthe wounds had reepithelialized, but the epidermis was hyperproliferative: it was thicker than normal epidermis and the basal cells were vertically elongated (Fig. 4 C) . a2, a3, a6, and l,8 were found in all the living cell layers at the center of the wound (Fig. 4) . The strong pericellular staining suggested that the integrins were present at the cell surface and not accumulated intracellularly. Suprabasal expression extended almost to the edge of the biopsies, declining gradually to basally restricted staining (Fig. 4 H) . Suprabasal av was weak or absent on all but one specimen, in which the suprabasal cell layers were highly disorganized and staining was strong, compared with normal epidermis (Fig. 4 I) . a5 remained confined to the basal layer (Fig. 4 A) , and fl stained the basal and sometimes the first suprabasal layers (Fig. 4 G) .
2 wk. 2 wk after wounding, the epidermis was morphologically normal (Fig. 5) , and expression of all integrin subunits was once more largely confined to the basal layer ( Fig. 5 and  results not shown) . The intensity of staining was somewhat greater than in normal skin.
Terminal differentiation markers. The suprabasal integrin staining observed I wk after blistering suggested that keratinocytes were expressing integrins while undergoing terminal differentiation. Three markers of terminal differentiation were therefore examined: keratin 10, which is expressed by all supra- basal cells in normal epidermis (34, 35) ; keratin 16 , which is expressed suprabasally in hyperproliferative epidermis (36, 37) ; and involucrin, a precursor of the cornified envelope. Involucrin is normally first expressed in the upper spinous layers of the epidermis, but expression begins in the lower spinous layers under hyperproliferative conditions (Fig. 6 , B and D) (38, 39) . Keratins 10 and 16 were expressed in the suprabasal cell layers 1 wk after wounding (Fig. 6, E and F) . Involucrin expression began in the lower spinous layers, and double label immunofluorescence showed coexpression ofinvolucrin with a6 (Fig.   6 , C and D) and #I integrin subunits (not shown) suprabasally.
Distal to the center of the wound, involucrin expression began higher in the spinous layers, and the integrins were confined to the basal layer: the involucrin-positive cells were integrin-negative (Fig. 6, A and B) . Extracellular matrix proteins. Biopsies taken 1 wk after wounding were stained with antibodies to fibronectin, type IV collagen and laminin, to see whether these integrin ligands were, like their receptors, present in the suprabasal layers. All three proteins were present in the dermis and basement membrane zone (Fig. 6, G and Hand results not shown), in the same distribution as in unwounded epidermis (7) . They were absent from the suprabasal layers, apart from some areas where the keratinocyte layers were disorganized and faint, diffuse staining was observed (Fig. 6 H) .
Psoriasis. The morphological appearance of the epidermis 1 wk after wounding, together with K 16 expression and premature involucrin expression, indicated that the tissue was hyperproliferative. To discover whether suprabasal integrin expression is peculiar to wound healing or may be a more general feature of hyperproliferative epidermis, we stained sections of involved psoriatic lesions. There was suprabasal staining for two of the three subunits examined, a6 and #I, while 34 remained basally restricted (Fig. 7) . In contrast to wounded epidermis, however, the suprabasal staining in psoriatic epidermis was confined to discrete patches of cells (Fig. 7) . Expression of involucrin was found in the lower spinous layers, coexpressed with a6 and #I (not shown), as found at 6-7 d in the wound.
Discussion
The morphological changes associated with the reepithelialization of suction blister wounds to human skin have been well documented (20, 21 (42) .
Lateral migration of keratinocytes. In normal epidermis keratinocyte migration is restricted to movement upwards from the basal layer, but during wound healing keratinocytes also migrate laterally. This change in behavior has been termed "activation"; it is proposed to occur not only on wounding, but also when keratinocytes are placed in culture, and it is correlated with changes in adhesiveness (reviewed in references 18, 43) . Thus, when keratinocytes are first isolated from skin, they adhere poorly to fibronectin, but with time in culture they develop adhesiveness to fibronectin (44, 45) and also show increased migration on type I collagen and fibronectin (46) . In contrast to normal keratinocytes, cells taken directly from a wound bed are capable ofadhering to fibronectin immediately (47). In wounds in which the basement membrane is destroyed, fibronectin forms the provisional matrix over which keratinocytes migrate (reviewed in reference 48) and accumulates in wound fluid, including the fluid ofsuction blisters (49). Guo et al. (50) have reported increased expression ofthe a,5f1 fibronectin receptor by keratinocytes migrating out of skin explants.
In view of such findings, we were surprised to observe that during the initial stages of keratinocyte migration in suction blister wounds (until 3 d) there were no changes in integrin expression, compared with normal epidermis: the same subunits were present, with the same relative staining intensity and the same cellular distribution. One possible explanation for the lack of changes is that since in suction blisters the basement membrane remains intact, the composition ofthe extracellular matrix over which the cells migrate may be relatively unchanged. Furthermore, it is well established that integrin function can be up-or downregulated in the absence of changes in expression (see for example, references 12, 51), and so the lack of changes in staining pattern cannot be taken as evidence for unaltered integrin function. In corneal wounds, the presence or absence of a basement membrane does not significantly affect staining patterns of a5 and a6 (52) .
Hemidesmosomes assemble at the basal surface of basal keratinocytes during the lateral migration phase ofwound healing, but there is some disagreement as to how far from the migrating edge they first form. There is evidence from electron Figure 7 . Involved psoriatic lesion stained with antibodies to the integrin subunits indicated. Note patches of suprabasal staining in A and B. Scale bar, 50 Mm. microscopy (53) and staining for bullous pemphigoid antigen (a component of hemidesmosomes; 54, 55) that hemidesmosomes are formed in the leading cell. However, others have reported that they first appear several cells behind the leading cell (17, 43). a684 is not restricted to hemidesmosomes ( 14) , but at the time of hemidesmosome assembly during epidermal development there is a redistribution of a6#4 so that it becomes concentrated at the basement membrane zone (7) . Kurpakus et Integrins in Wound Healing and Psoriasis 1899 al. (56) have also reported a correlation between polarized a6,4 expression and hemidesmosome assembly in migrating corneal epithelial cells. We observed a concentration of a644 at the basement membrane zone right up to the migrating edge in the wounds (Fig. 2 D) . Although this might tend to support the conclusion that hemidesmosomes are assembled in the leading cell, further experiments will be required to resolve the issue.
Suprabasal integrin expression. The most striking difference between normal and healing epidermis we observed was at the time of wound closure, when several ofthe integrin subunits were found on the surface of suprabasal keratinocytes.
Our results are broadly in agreement with those of others, who have also observed suprabasal integrin staining during healing of deep skin wounds (48, 57) and in corneal abrasions and keratectomies (52) . The first subunits to show a suprabasal location were a3 and (3, (from 3 d), followed by a6 (4 d), then a2. a5 and 34 remained primarily confined to the basal layer, and av was only found suprabasally in one specimen, in which the keratinocytes were disorganized. It is interesting that a3#13 was the first integrin to be detected suprabasally, since it is also one ofthe earliest integrins to be expressed during epidermal development (7). The observation that a6 was expressed in all living suprabasal layers, whereas its normal partner in keratinocytes, f4 (6, 8, 58, 59) , was not, suggests that a6 may form a heterodimer with f3, in the suprabasal layers, since monomeric integrins are not found on the cell surface (60, 61 ). An important question that remains to be answered is whether or not the suprabasal integrins are functional. We could not detect significant levels of three of the integrin ligands, fibronectin, type IV collagen, and laminin, suprabasally, but the integrins might nevertheless be functional in cellcell adhesion (1 1, 15 (65) . However, it seems unlikely that suprabasal integrin expression is a marker of hyperproliferation per se, since keratinocytes in culture are also hyperproliferative by these criteria (39) , and yet in stratified cultures very little suprabasal integrin staining is observed (8, 66 ). An alternative explanation is that suprabasal integrin expression is a response of keratinocytes to the inflammation characteristic of wounds and psoriatic lesions (reviewed in (67, 68) ) through which keratinocytes are exposed to a wide range of cytokines (reviewed in reference 19) . Integrin expression in other cell types is known to be upregulated by a number of cytokines and growth factors that are present in wounds (reviewed in reference 69), and it will be interesting to test their effects on keratinocytes.
Studies with cultured keratinocytes suggest a role for integrins in regulating cell-ECM adhesion, cell-cell adhesion, and the initiation ofterminal differentiation (6, 11, 12, 15) . During development, there are marked changes in the types ofintegrin subunits expressed and their location within the epidermal basal layer (7) . We have now demonstrated that during wound healing and in psoriasis, integrin expression is not downregulated at the onset of terminal differentiation. Taken together, these results suggest that integrin expression is subject to complex regulatory mechanisms, probably both environmental and developmentally programed. The functional consequences of this dynamic regulation remain to be investigated.
